Mass transfer-limited removal of metabolic products led to product-inhibited growth of Escherichia coli that was immobilized in a model system. Comparison of the growth kinetics of immobilized and free-living cells revealed no further physiological differences between cells in these two modes of existence beyond those manifested in the local concentrations of substrate and product. Bacteria were retained on a microporous membrane in a dense, planar aggregate and were grown anaerobically on a glucose-based minimal medium. Radioisotope labeling of the immobilized cell mass with 35S was used to determine growth kinetic parameters. Growth rates in the immobilized cell layer were measured by an autoradiographic technique which allowed comparison of the size of the growing region with the rate of cell convection caused by growth. Immobilized cell growth rates and growth yields ranged from near maximal (0.56 h-1 and 39 g of dry cell weight/mol of glucose, respectively) to substantially reduced (0.15 h'-and 15 g/mol). The depression of these kinetic parameters was attributed to product inhibition arising from mass transfer-limited removal of acidic waste products from the cell mass. A simple one-dimensional reaction-diffusion model, which incorporated data on the productinhibited growth kinetics of free-living cells collected in a product-limited chemostat, satisfactorily predicted product inhibition of immobilized cell growth.
The reactivity of a microbial biofilm, floc, or synthetically immobilized preparation (all of which are generally referred to as immobilized cell aggregates) is crucially linked to the intrinsic kinetic behavior of the microorganisms. Understanding of the intrinsic kinetic behavior in these systems is not straightforward, however, since changes in the local cellular environment often accompany immobilization. Immobilized microbial kinetic behavior may therefore differ significantly from the behavior that would be anticipated for free-living cells under the bulk solution conditions. Physical mechanisms which could plausibly effect changes in the local environment include electrostatic partitioning of charged species between the cell aggregate and the free solution, concentration gradients arising from diffusion-limited mass transport of reacting species, and physical or chemical interactions between cells and the support matrix. In view of these diverse processes and the complex nature of microbial growth, it is not surprising that there have been a number of reports in which altered behavior of immobilized cells has been described. These have been reviewed briefly elsewhere (6, 8) .
The significance of mass transfer limitation of substrate transport in particular has been widely recognized and documented (12, 17) . In this study we explored a second potential consequence of diffusional limitation, namely, the attainment of inhibitive levels of metabolic waste products within the cell aggregate. Product inhibition of microbial activity is a common phenomenon, especially in anaerobic or anoxic systems. When a microorganism that is susceptible to product inhibition is immobilized, product inhibition effects are likely to be exacerbated by the diffusional limitation on the egress of products. It is important to recognize that, because of the steep concentration gradients that often prevail in immobilized cell systems, product inhibition may be a consideration even when the bulk solution product concentration is well below the inhibitive level.
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Product inhibition arising from mass transfer limitation can be analyzed within the framework of an appropriate reaction-diffusion model. Indeed, several models of immobilized enzyme and cell activity which account for product inhibition have been described (2, 3, 18, 21) . The principal aim of these treatments has been to develop expressions that describe the overall rate of reaction in systems in which diffusion and reaction are both important. The focus of the present study was to apply simple results from reactiondiffusion theory in order to elucidate the biological consequences of mass transfer limitation, in particular, with respect to product inhibition.
There is some experimental evidence for mass transportinduced product inhibition in immobilized cell systems. Depressed reaction rates have been attributed to product inhibition in a few instances (5, 7, 21, 23) . A more graphic indication of mass transfer limitation of product removal is revealed by direct measurement of gradients in product concentrations between the cell aggregate and the bulk solution. Hydrogen ion concentration gradients established across active biofilms have been documented by comparing the pH at the base of a biofilm with the bulk pH. In a denitrifying biofilm, reaction-generated alkalinity can lead to a pH in the interior of the biofilm that is up to 2 pH units higher than that in the bulk solution (1) . Conversely, in a nitrifying biofilm reaction, generated acidity leads to a substantially lower pH in the biofilm than in the bulk solution (22) . As these investigators have pointed out, such modifications of the local environment within the biofilm may lead to changes in the intrinsic kinetics.
The intent of this study was to demonstrate product inhibition of immobilized cell growth in a model immobilized cell system. Because product inhibition is difficult to diagnose from measurements of the overall reaction rate, we sought measurements of the intrinsic kinetic behavior that are independent of the mass transfer characteristics of the system. Radioisotope labeling methods developed in this laboratory (11; S. F. Karel step, the screen was removed and the membrane supporting the inoculum was refitted into the reactor.
Measuring concentration gradients. For clarity in the following explanation, the two boundaries of the cell layer are referred to as the substrate-supplied and substrate-exhausted edges. Acid concentrations at the substrate-exhausted edge were measured by allowing the sealed, buffer-filled chamber contiguous with that edge to reach equilibrium. Chamber A ( Fig. la) was supplied continuously with medium, and sealed chamber B was filled with buffer that lacked any carbon source. After the system was allowed to achieve steady state (8 to 10 h), the contents of chamber B were removed and analyzed.
Autoradiographic determination of local growth rates. An estimate of the local growth rate can be obtained by comparing the rate of cell convection in the aggregate with the dimension of the growing zone. Both of these measurements may be extracted by autoradiographic examination of a cell aggregate which has been labeled in a pulse-chase-pulse sequence. To illuminate this approach, consider the growth of cells within a planar aggregate, as depicted in Fig. 2 . Cell growth is assumed to be limited to a region of fixed depth, a, which is less than the total extent of the aggregate, L. Cells outside this zone are nongrowing. Provided there is no sloughing or other loss of biomass, the total depth of the biofilm increases as cell mass accumulates. Assuming that the cell density is constant throughout the aggregate, the velocity with which cells in the nongrowing region are convected away from the substrate-supplied edge of the cell aggregate is given simply by ,ua, where pu is the average specific growth rate in the growing region. Now, suppose that the cell aggregate is labeled with pulses of equal duration, t,, which are separated by a chase period of duration tc. This protocol results in two bands of labeled cell mass, which will be spatially separated because of the convection that occurs during the chase and second pulse periods. The distance traveled by the substrate-exhausted edge of the first pulse is x = Ra(t, + tp). The local growth rate can thus be estimated from such an experiment, provided that one can measure the band separation, x, and the characteristic dimension of the growth zone, a. Absolute measures of these two distances are not necessary, since only their ratio is required to calculate a growth rate.
The most challenging aspect of this scheme is obtaining an accurate estimate of the dimension of the growing zone depth, a. Imperfect autoradiographic resolution and growth during the pulse period both contribute to broadening of the observed band width with the experimental approach that we used. Corrections for both of these effects can be formulated. Loss of autoradiographic resolution arises principally from the fact that the radioactive label is not truly coplanar with the film emulsion, since the specimen section and the film emulsion both have a finite thickness. For a square wave activity distribution, the observed band width at the peak half-height, b, is related to the actual band width, b', by b = (b'2 + 4d2)1"2, where d is a characteristic resolution distance (20) . In this study, d was taken as the average of the section and emulsion layer thicknesses. The thickness of the dried emulsion layer was estimated by parting the layer at a 450 angle with a razor blade and examining the cut under a microscope. Growth during the pulse period can be corrected for by considering local material balances on labeled biomass (Karel and Measurement of b and x from autoradiographs is described below.
A second estimate of the local growth rate can be made by comparing the dimension of the growth zone with the overall rate of tracer uptake: ,u* = R, Y.,IaAX. In this equation, R, is the overall rate of tracer uptake, Yx, is the yield of biomass on tracer, A is the reactive surface area, and X is the aggregate cell density. Because of the error inherent in measuring R, precisely at low conversions, this approach is less accurate than the purely autoradiographic one described above, but it does afford an assessment of the self-consistency of the experimental measurements.
Radiolabeling protocol. Radiolabeling experiments were carried out with the reactor configured as shown in Fig. lb . Following inoculation as described above, the reactor was supplied continuously with medium, either unlabeled or labeled, at a fixed flow rate for the duration of the experiment. The reaction rate, as reflected in the effluent pH, was essentially constant over the course of the experiment, with the exception of a 2-to 5-h transient initiation period. In experiments designed to measure growth rates or growing zone depths, a pulse-chase-pulse-fix or pulse-fix radiolabeling protocol was initiated only after the effluent pH attained a steady state. It is important in these experiments that the duration of the pulse be sufficiently longer than the characteristic mixing and diffusion times. At the flow rates used in the pulse-labeling experiments, the residence time in the medium chamber of the reactor was 3 to 6 min. The time scale for diffusion into the cell aggregate (L2ID) is likewise estimated to be on the order of magnitude of a few minutes. Labeled medium was always provided in 1-h pulses. The chase period lasted from 10 to 24 h. Fixative was introduced into the reactor immediately following the end of the final labeling pulse, quenching further growth and preserving the spatial distribution of label. In experiments intended to measure the growth yield, labeled medium was supplied continuously to the reactor. Multiple measurements of sulfur uptake and glucose consumption were made over a 3-h period after steady state was achieved.
Autoradiography. The labeled cell mass was fixed and embedded as described below for electron microscopy, but with the omission of OS04 postfixation and uranyl acetate staining. Cross-sections through the cell layer, 1 to 2 ,um thick, were deposited on gelatin-coated glass slides, dip coated with nuclear track emulsion (NTB-3; Eastman Kodak Co., Rochester, N.Y.), air dried at room temperature, and then exposed in light-tight slide boxes for 48 to 400 h at 4°C. digitized and analyzed by using a video image acquisition system. The signal-to-noise ratio was improved by averaging data from a single negative in a direction parallel to the plane of the cell layer, as defined by the autoradiographic bands. Two measurements were extracted from pulse-chase-pulse autoradiographs, as illustrated in Fig. 3 . The apparent band width, b, was defined as the width at the peak half-height of the band corresponding to the final labeling pulse. The extent of the autoradiographic image, z, was defined as the horizontal distance between the respective points of half-maximal density of the two peaks making up the autoradiograph. The measurement was made from the substrate-exhausted edge of the peak corresponding to the first pulse to the substratesupplied edge of the peak corresponding to the final pulse. The band separation, x, was then taken as z -b.
Electron microscopy. The cell layer was cross-linked in place in the reactor with a fixative made up of glutaraldehyde, 20.0 g/liter; Na2HPO4, 5.0 g/liter; KH2PO4, 1.0 g/liter; and NaCI, 2.0 g/liter. After several hours of in situ fixation, the membrane and cell layer were removed from the reactor as a unit. The sample was postfixed with 2% osmium tetroxide in buffer, stained with 1% uranyl acetate, dehydrated in an ethanol series, and then embedded in an ultra-low-viscosity resin (Polysciences). Thin sections (60 to 90 nm) were poststained with lead citrate and examined with a transmission electron microscope (Philips 410).
Assays. Cell mass was determined as dry weight. Portions of 50 ml of fermentation broth were centrifuged (3,000 x g, 15 min), and the cell pellet was quantitatively transferred with a water wash to a 1.5-ml minicentrifuge tube. The cells were again pelleted (8,000 x g, 4 min), the supernatant was removed by aspiration, and the tubes containing the cell pellets were dried at 70°C for 48 to 72 h to constant weight. The The specific growth rate and yield of cellular dry matter on glucose both decline with increasing acid concentration. The ratio of these two kinetic parameters, the specific substrate uptake rate, qS, also decreases monotonically with increasing acid concentration ( Table 1 ). The product concentration at which substrate uptake ceases, Pi, is found by extrapolating the data for q, to the x intercept (Pi = 33 mM). This value has no general significance since it is highly dependent on both the buffer capacity and the initial pH of the medium. Product concentrations reported hereafter were normalized by dividing by Pi.
During anaerobic growth on glucose, E. coli carries out a mixed acid fermentation, producing a mixture of simple organic acids (9) . The principal products found in this study were formate and acetate, appearing in approximately a 2:1 ratio, respectively, with lesser amounts of lactate, succinate, and pyruvate being present (data not shown). Two shifts in the spectrum of products were evident as the acid concen- (1) where Pe and we are the respective dimensional and dimensionless product concentrations at this point. Ds and Dp are the respective solution effective diffusivities of the substrate and product, and SO and PO are the respective bulk concentrations of these species. In deriving this expression, it was assumed that there was no differential partitioning of either substrate or product between the cell aggregate and free solution and that the ratio of the effective diffusivity in the aggregate relative to the solution diffusivity was the same for both species. The product concentration was normalized by comparison with an inhibitive product concentration, Pi, defined as described above.
The parameter we affords a quantitative upper bound on the extent of product inhibition that may occur in an immobilized cell system that is independent of the specific kinetic behavior or mass transfer characteristics of the system. When w < 1, the product concentration within the aggregate is well below the inhibitive product concentration, so product inhibition effects can be neglected. When we = 1, product inhibition is significant. Calculation of we offers a simple, design-independent means of estimating the magnitude of product inhibition effects in an immobilized cell system.
In any system in which the substrate concentration in the aggregate approaches zero, we provides a reasonable firstorder approximation of the product concentration that is prevailing in the active zone. This may be seen by considering the limiting case of zero-order kinetics. One finds, in this case, that the average product concentration in the active zone is 2/3 we in the absence of external mass transfer resistance and approaches we identically as external mass transfer resistance becomes increasingly important. Therefore, in any system in which the substrate is exhausted within the cell aggregate, we never overestimates the average local product concentration by more than 50% and becomes increasingly more accurate as external mass transfer resistance becomes more pronounced. We chose to correlate product inhibition effects in immobilized cells by calculating we. The appeal of this approach is that it does not rely on particular numerical values of the effective diffusivity in the cell aggregate and the external mass transfer coefficient, parameters that are difficult to measure precisely or independently.
Direct measurements of the total acid concentration in equilibrium with the substrate-exhausted edge of an active cell mass are reported graphically in Fig. 4 . These experiments were performed at low conversions, so that P0 0. Referring, then, to equation 1, a plot of PelYps versus SO should yield a curve whose slope is equal to the ratio of the substrate and product diffusivities, D,/Dp. The linearity of the experimental data suggests that Ds/Pp is essentially constant, with a value of 0.78 ± 0.05. This value lies between the calculated ratios obtained by considering the solution diffusivities of either of the principal product or buffer species (Table 2 ). This result reflects the fact that the motion of the products, which exist principally in the dissociated state, is coupled electrostatically and through reaction to the motion of the buffer components H2PO4-and HP042- (19) .
The data demonstrate the applicability of equation 1 and confirm that significant product concentrations can be attained in the cell aggregate.
Immobilized cell kinetics. An electron micrographic crosssection of a cell layer is reproduced in Fig. 5 . Qualitative visual inspection suggested that the boundaries of the aggregate are well defined and that the cell density is approxi- mately uniform throughout the layer. The volume fraction occupied by cells in the aggregate was estimated by point counting with correction for the section thickness to be about 75% (24) . If the specific volume of the E. coli cell is taken to be 2.91 ml/g (P. S. Stewart and C. R. Robertson, submitted for publication), an aggregate cell density of about 260 g/liter is implied. Cell aggregates were typically 100 to 250 ,um in depth at the end of an experiment. An autoradiograph prepared from a pulse-chase-pulse labeling experiment and the averaged intensity profile obtained from this image are reproduced in Fig. 6 . In this and other autoradiographs, the silver grain band corresponding to the final labeling pulse was always well defined spatially, although it was not necessarily uniform in intensity across its breadth. The silver grain band corresponding to the initial labeling pulse was always slightly shorter than the final band as a result of dilution of the local tracer activity by growth as the labeled cells were convected out of the growing zone. A faint third band is visible in this autoradiograph, coinciding with the substrate-exhausted edge of the cell layer. Activity at this point in the cell aggregate could have been due to aerobic growth on an acid product (e.g., acetate), provided that a residual amount of oxygen was present in the gas-filled chamber. Sulfur incorporation at the substrate-exhausted edge provides circumstantial evidence that the tracer penetrates the entire cell layer during the pulse period.
The autoradiographic data, together with derived estimates of the depth of the growth zone and the local growth rate, are summarized in Table 3 . Note that the only experimental parameter that varied in these experiments was the bulk substrate concentration. High cell densities and the significant external mass transfer resistance imposed by the membrane and adjacent convective boundary layer restricted growing zones to 30 ,um or less. The depth of the growing zone expanded as the bulk substrate concentration was increased. The average local growth rate in the cell aggregate decreased as the substrate concentration was increased, from near maximal to less than 20% of the maximum growth rate measured in batch culture. This behavior is inconsistent with substrate limitation of growth. Rather, it may be interpreted as reflecting higher local concentrations of acidic products in the aggregate when media with higher substrate concentrations were used. In qualitative terms, the extent of the active region of the aggregate was determined by transport of the substrate, and kinetic behavior within the active zone was dictated by the local concentration of product.
In order to make a graphic comparison of free-living and immobilized cell growth behavior, local product concentra- tions in the immobilized cell aggregate were estimated by using equation 1 The results obtained in this investigation, in which we used a relatively inert immobilization support, certainly do not preclude the possibility of specific cell-support interactions that might alter cell behavior in the absence of microenvironmental differences. The potential biological effects of microbe-surface interactions, which may exist in some adsorption or entrapment immobilization systems, remains an interesting question for study. It will be necessary, however, in addressing this issue experimentally to definitively eliminate microenvironmental differences arising from physicalchemical mechanisms.
Product inhibition arising from mass transfer limitation might be important in a variety of natural and applied systems. In addition to depressing the overall reaction rate and individual growth kinetic parameters, product inhibition could lead to shifted metabolic pathways and increased rates of cell lysis, degradation, and loss of viability. Together, these phenomena offer a possible explanation for some of the claims of altered behavior of immobilized cells, especially those taking the form of reduced growth yields and shifted pH optima. Wastewater treatment systems in which biofilms or aggregated microorganisms are used to carry out reactions that involve a pH change (e.g., nitrification, denitrification, and acetogenesis) are subject to product inhibition. To the extent that product inhibition decreases biomass formation, it may be beneficial in these applications. Product inhibition is most significant in waters that are poorly buffered. Furthermore, pH inhibition arising from mass transfer limitation is not effectively alleviated by the addition of neutralizing agents that are not diffusively transported (e.g., calcium carbonate). Mass transfer-limited product removal may play a significant role in the manifestation of dental caries. Acidic species generated in dental plaque from carbohydrates in foods are thought to promote demineralization of the tooth enamel and dentin (13) . In these and other examples, a better understanding of the immobilized system hinges on an appreciation for the interaction between relevant physical-chemical mechanisms and intrinsic kinetic behavior.
